Depression is associated with modifications in basal brain asymmetry particularly that of the frontal cortex, which is involved in blood pressure control. Furthermore, different vasoactive drugs may change the brain's asymmetry in a manner that contributes to cognition status. We studied the bilateral activity of several neuropeptidases in frontal cortex as a reflect of the functional status of certain neuropeptides involved in mood.
Methods: Using arylamide derivatives as substrates, we fluorometrically analysed the activity of these enzymes in the left and right frontal cortex of control untreated Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHRs) and compared their activities with WKY or SHR treated with the antihypertensive drugs captopril (CAP) and propranolol (PRO) or with the hypertensive N (G)-nitro-L-arginine methyl ester. SBP was also measured in all WKY and SHR groups. Interhemispheric correlations were mostly observed in WKY as well as in SHR groups with antihypertensive treatments (CAP, PRO).
Conclusion:
Our results suggest specific brain bilateral patterns of neuropeptidase activities in WKY that change in SHR. This observation may be related to the cognitive disorders that have been described in these animals and that change under antihypertensive or hypertensive drug's treatments.
INTRODUCTION
H ypertension may be responsible for the development of cognitive and mood disorders, including anxiety and depression, and antihypertensive drugs may therefore modulate these disorders [1] . In addition, depression and anxiety are characterized by altered bilateral functioning in the brain, particularly in the frontal cortex [2] , which is directly involved in blood pressure control [3] . Thus, changes in cerebral haemodynamics, especially in the frontal cortex, may be involved in mood disorders [4] . It has been suggested that the risk of developing such disorders increases or decreases depending on the type of antihypertensive drugs used for treatments [1] . However, the current available results remain inconclusive with respect to this hypothesis [5, 6] .
The pathogeny of mood disorders involves alterations in the functional interactions of both the left and right hemispheres, in which the frontal cortex plays a major role [2, 7] . Human studies have reported significant correlations between resting heart rate and asymmetry between the left and right frontal lobes as well as between the frontal and parietal lobes [8] , suggesting a relative differential association between the left and right frontal and parietal lobes and cardiovascular activity. Similarly, animal studies have confirmed an asymmetrical bidirectional neuroendocrine interaction between the frontal cortex and cardiovascular function [9] . However, functional asymmetries may also be explained by neurochemical lateralizations [10] . Because the functions of neurotransmitters and neuroendocrine factors depend on their specific brain bilateral distribution and on their neurovisceral bilateral connection, deviations in this pattern, such as increases, decreases or changes in the side of dominance, may disrupt the interhemispheric balance and trigger cognitive and peripheral cardiovascular disorders [10, 11] .
Captopril treatment in hypertensive rats has been found to change the bilateral pattern of neuropeptidase distribution in the frontal cortex as well as the bilateral interaction of neuropeptidase activity between frontal cortex and plasma or ventricles [3, 9] . We hypothesized that the use of different antihypertensive or hypertensive vasoactive drugs might result in different patterns of bilateral frontal cortex performance that contribute to the improvement or impairment of the behaviour consequences of hypertension, such as depression and anxiety.
Whereas the neuropeptides oxytocin [12] and enkephalins [13] are regarded as anxiolytic agents, angiotensin (Ang) II is considered as an anxiogenic factor [14] . The functional status of these neuropeptides is regulated by their respective neuropeptidases oxytocinase (cystinyl-aminopeptidase, CysAP, EC 3.4.11.3), enkephalinase (alanylaminopeptidase, AlaAP, EC 3.4.11.2,) and angiotensinase A (aminopeptidase A, glutamyl-aminopeptidase, GluAP, EC 3.4.11.7) [15] . We analysed the bilateral behaviour of neuropeptidase activities in the frontal cortex of Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHRs) treated with the antihypertensive drugs captopril and propranolol. In addition, to evaluate a factor with opposite effects, the influence of the hypertensive N(G)-nitro-L-arginine methyl ester (L-NAME) was also studied.
MATERIALS AND METHODS

Animals and drug treatments
Thirty-two adult male WKY and 32 adult male SHR (Charles River Laboratories, Barcelona, Spain), weighing 100-150 g at the beginning of the experiments, were used in this study. The WKY rats were randomly divided in the following subgroups (n ¼ 8 each): Control WKY (WKY), captopril-treated WKY (CAP), propranolol-treated (PRO) and L-NAME treated. The SHR group was subdivided into similar subgroups (n ¼ 8 each): Control SHR (SHR), captopriltreated SHR (CAP), propranolol treated (PRO) and L-NAME treated. CAP (Sigma-Aldrich, St Louis, Missouri, USA; 100 mg/kg per day), PRO (Sigma-Aldrich; 100 mg/kg per day) and L-NAME treated (Sigma-Aldrich; 70 mg/kg per day) were added to the drinking water of the respective SHR groups for 4 weeks. The dosages and the duration of administration have been reported to be appropriate to achieve the full effect of the drugs [16, 17] . To avoid the influence of circadian or seasonal variations, the experiments were conducted between April and July (northern hemisphere) under light conditions between 0900 and 1200 h [10] . The study was performed in accordance with the European Communities Council Directive 86/609/EEC and was approved by the bioethics committee of the University of Jaén.
Blood pressure measurement SBP was measured using tail-cuff plethysmography in unanaesthetized animals (LE 5001-Pressure Meter; Letica SA, Barcelona, Spain) that were maintained in plastic holders at 378C. To adapt the animals to the procedure, pressure was measured on several occasions during the treatment period [18] .
A minimum of 15 measurements were performed per rat, with the mean values within a range of 5 mmHg representing the recorded SBP level. The first and last determinations of each session were excluded from analyses.
Surgical procedure and tissue collection
At the end of the 4-week drug-treatment periods and after a final SBP recording, tissue samples were obtained under equithensin anesthesia (2 ml/kg body weight) [42.5 g/l chloral hydrate dissolved in 19.76 ml ethanol, 9.72 g/l Nembutal (Sigma-Aldrich) 0.396 l/l propylenglycol and 21.3 g/l magnesium sulfate in distilled water]. Each rat was then perfused with saline, the brain was quickly removed (less than 60 s) and the left and right frontal cortices were dissected according to the stereotaxic Paxinos and Watson atlas [19] . The selected area was between the anterior borders of the frontal lobe up to 13.2 mm anterior to the interaural line.
Enzymatic and protein assays
To obtain the soluble fraction, brain samples were homogenized in a hypoosmolar medium (10 mmol/l HCl-Tris buffer, pH 7.4) and ultracentrifuged at 100 000g for 30 min at 48C. The supernatants were used for soluble (Sol) protein and enzyme assays. To obtain the particulate fraction, the pellets were rehomogenized in a HCl-Tris buffer (pH 7.4) and 1% Triton X-100 to solubilize membrane proteins. After centrifugation (100 000g, 30 min, 48C), the protein level and activity of membrane-bound enzymes were measured in triplicate in the supernatants. To ensure complete recovery of activity, the detergent was removed from the medium by adding adsorbent polymeric BioBeads SM-2 (Sigma) (100 mg/ml) and shaking the samples for 2 h at 48C. The activity of Sol and membranebound neuropeptidases, measured as glutamyl-(GluAP), alanyl-(AlaAP) and cystinyl-aminopeptidase (CysAP), was determined fluorometrically using the arylamide derivatives, glutamyl-alanyl-and cystinyl-b-naphthylamide, as substrates as previously described [15] .
Briefly, GluAP was determined using Glu-b-naphthylamide as a substrate: 10 ml of each supernatant was incubated for 120 min at 378C with 1 ml of the substrate solution (2.72 mg/100 ml Glu-b-naphthylamide, 10 mg/ 100 ml bovine serum albumin (BSA), 10 mg/100 ml dithiothreitol (DTT) and 0.555 g/100 ml CaCl 2 in 50 mmol/l HClTris, pH 7.4). AlaAP and CysAP were measured using Alaor Cys-b-naphthylamide as substrates, such that 10 ml of each supernatant and plasma were incubated for 30 min at 258C with 1 ml of the substrate solution, that is 2.14 mg/100 ml of Ala-b-naphthylamide or 5.53 mg/100 ml of Cys-b-naphthylamide, 10 mg/100 ml BSA and 10 mg/ 100 ml DTT in 50 mmol/l of phosphate buffer (pH 7.4 for AlaAP) and 50 mmol/l HCl-Tris buffer (pH 6 for CysAP). The reactions were terminated by addition of 1 ml of 0.1 mol/l of acetate buffer, pH 4.2. The amount of bnaphthylamine released as a result of the enzymatic activity was measured fluorometrically at a 412 nm emission wavelength with an excitation wavelength of 345 nm. Proteins were quantified in triplicate using the method advanced Bradford [20] 
Statistical analysis
Differences between the groups were evaluated using a two-way analysis of variance. Post hoc comparisons were conducted via LSD tests, and the paired Student's t-test was used for left versus right comparisons. P values below 0.05 were considered significant. To examine the association between aminopeptidases of the left and right sites, Pearson's coefficient of correlation was computed. Computations were performed using SPSS 13.0 (Chicago, Illinois, USA) and STATA 9.0 (STATA Corp, College Station, Texas, USA). P values below 0.05 were considered significant.
RESULTS
Effects of drug treatments on SBP
Wistar-Kyoto rats demonstrated their lowest SBP levels after CAP treatment and the highest with L-NAME treatment. However, the CAP group did not reach statistical significant difference in comparison with control (WKY) or PRO-treated rats. L-NAME-treated group differed significantly (P < 0.001) from the other groups (Fig. 1) . SHR rats treated with CAP had significantly (P < 0.001) lower SBP levels than all other groups. In contrast, L-NAME-treated animals exhibited higher SBP levels (P < 0.05 vs. SHR; P < 0.001 vs. CAP; P < 0.01 vs. PRO). The SBP in SHR treated with PRO did not differ from the controls (SHR), but was significantly higher than in the CAP group (P < 0.001) and significantly lower than in the L-NAMEtreated group (P < 0.01) (Fig. 1) .
Bilateral influence of drug treatments on neuropeptidase activities in the frontal cortex of Wistar-Kyoto and spontaneously hypertensive rats
Influence on glutamyl-aminopeptidase activity (angiotensinase)
Soluble activity
In WKY rats, there was a significant (P < 0.001) predominance of the left frontal cortex (LFC) on the right frontal cortex (RFC) one with the exception of the L-NAME-treated subgroup that did not show such left-right differences. Whereas the right side did not differ between groups, the left one decreased significantly in L-NAME treated in comparison to CAP (P < 0.01) and PRO (P < 0.01) groups (Fig. 2) . In SHR, with the exception of the PRO group, in which (contrarily to the same group in WKY) the RFC was significantly dominant (P < 0.01) for Sol GluAP over the LFC, there were no left-right differences in the other groups (Fig. 3) . Also, in SHR, and in contrast to WKY, the right side was higher for PRO and L-NAME-treated groups than the CAP group (P < 0.05), whereas the left side did not differ among the different groups ( was a clear left dominance in controls (WKY) that increases slightly (þ3.7%) in the CAP group. However, the left dominance decreased a little after PRO treatment (À12.4% from controls) and disappeared in the L-NAMEtreated group (À57.8%). In SHR, there was a tendency to change the side of dominance from the right side in controls to left one after the CAP treatment. In contrast, a large increase (þ35.2% over control) with the PRO treatment and a small decrease (À6.3% over control) with the L-NAMEtreated treatment in the control asymmetry of right side dominance was observed. Thus, there was a clear significant right asymmetric difference with the PRO treatment. If we compare the hypertensive SHR groups with untreated WKY rats (Fig. 6 ), while the left predominance of Sol GluAP in untreated WKY decreased (À50.1%) in the CAP group, this predominance changed to the right one in the rest of the groups. Figures 7 (WKY) and 8 (SHR) represent the individual percentages of left or right predominance for each animal in the different groups analysed. In WKY, while controls (WKY), CAP and PRO groups showed a 100% of (left) predominance, the L-NAME-treated treatment showed a heterogeneous individual side predominance. In SHR, with respect to Sol GluAP, the PRO group showed a right predominance among 87.5% of animals. However, the other groups exhibited a heterogeneous left or right-side predominance among animals. Membrane-bound activity In WKY, there was a significant (P < 0.05) predominance of the right over the LFC in L-NAME-treated group, but the other subgroups did not show any differences between left and right sides. Whereas the right sides did not differ between groups, the left one of the CAP group was higher than control (P < 0.05), PRO (P < 0.05) and L-NAME-treated (P < 0.01) groups. The left side of L-NAME treated was also lower (P < 0.05) than the left side of PRO group (Fig. 2) . In SHR, in the control SHR (P < 0.01) and CAP (P < 0.05) groups, MB GluAP was significantly higher in the LFC than in the RFC. No bilateral differences were observed among the other drug treatments. As occurred with Sol GluAP, whereas the levels of membrane-bound GluAP in the LFC did not differ among groups, the levels in the RFC were significantly higher in PRO (versus SHR, P < 0.05) and L-NAME treated (vs. SHR, P < 0.01; vs. CAP, P < 0.05) (Fig. 3) . In WKY, although there was a small left predominance in controls that increased slightly after CAP treatment (þ5.7%), the side of dominance changed to the right side in the PRO group and especially in the L-NAME-treated group (Fig. 4) . In SHR, the percentage of left predominance for mean levels of Glu AP activity in controls was decreased to À13% in the CAP group and to À40% in the PRO and L-NAME treated groups (Fig. 5) . The slight left predominance of membrane-bound GluAP in untreated WKY increased remarkably in all SHR groups, especially in controls SHR (þ47.7%) and CAP (34.7%) groups (Fig. 6) . Regarding the individual percentages of left or right predominance, controls, CAP and PRO-WKY groups showed a heterogeneous individual side predominance, whereas L-NAME-treated WKY rats demonstrated a 100% of right predominance (Fig. 7 ) in contrast to Sol GluAP. In SHR, whereas 100% of the animals had a left predominance in the control SHR, the rats in other groups presented a varied direction of asymmetry (Fig. 8) . Influence on alanyl-aminopeptidase activity (enkephalinase)
In WKY, no left-right differences were observed for Sol AlaAP in any group. The left side of L-NAME-treated group decreased from the left side of controls and PRO (P < 0.001) but did not differ from CAP. The right side of controls was higher than the right one of CAP (P < 0.05) and L-NAME treated (P < 0.01) but did not differ from PRO (Fig. 2) . In SHR, controls, (P < 0.05), PRO-(P < 0.001) and L-NAMEtreated rats (P < 0.05) demonstrated an asymmetric distribution of Sol AlaAP with right predominance, which was particularly significant in the PRO group. However, the CAP FIGURE 7 Left or right individual percentage differences in the four groups studied. Control (WKY) and WKY treated with captopril (CAP), propranolol (PRO) and L-NAME (LN). Bars represent the percentage differences in aminopeptidase activity between the left and right sides of the frontal cortex for each of the eight rats studied in the four groups. Negative or positive values indicate left or right predominance, respectively. H/L, higher value/lower value. treatment exhibited no difference between both sides. In the CAP group, the distribution in the RFC was lower (P < 0.05) than it was on the same side for the SHR and the PRO-treated rats. Again, as occurred with the previous activity, the left side did not differ among groups (Fig. 3) . In WKY, only a small tendency to right dominance over controls was observed in L-NAME treated (þ6.5%) (Fig. 4) . In SHR, the percentage level of asymmetry in comparison with the mean level of controls decreased in the CAP group (À28.3%) but increased in the PRO (þ28.7%) and L-NAME-treated (þ7.7%) groups (Fig. 5) . The slight right predominance of untreated WKY rats decreased only in the CAP group (À1%), whereas it increased clearly in the other SHR groups (Fig. 6) . For WKY, all groups showed a heterogeneous individual side-dominance (Fig. 7) . In SHR, as observed with Sol GluAP, the greater the increase in asymmetry, the higher the homogeneity in individual predominance, as observed in the PRO group (100% of rats with right predominance) compared with the other groups that displayed more heterogeneous left-right dominance (Fig. 8) .
Membrane-bound activity
In WKY rats, membrane-bound AlaAP only demonstrated an asymmetry of left predominance in the CAP group (P < 0.05). The left side in PRO and L-NAME-treated groups was lower (P < 0.01) than the left one in control WKY. The right side in the PRO group was also lower than the right one in control (P < 0.05) and CAP (P < 0.01) groups (Fig. 2) . In SHR, membrane-bound AlaAP revealed a right-side predominance in the four subgroups studied, specifically, SHR (P < 0.05), CAP (P < 0.001), PRO (P < 0.001) and L-NAME treated (P < 0.001). Again, whereas the left side did not differ among groups, the right side increased from control SHR in PRO (P < 0.05) and LN (P < 0.01) (Fig. 3) . In WKY, although there was a small left dominance in controls, CAP and PRO groups, a little tendency to change the side of dominance to the right side was observed with L-NAME treated treatment (Fig. 4) . In SHR, the percentage level of asymmetry after treatment was always higher than the mean level of the control SHR, specifically, CAP (þ79%), PRO (þ13%) and LN (þ78%) (Fig. 5) . Whereas untreated WKY rats presented a small left predominance, all SHR subgroups changed the predominance to the right side (Fig. 6) . In WKY, although all animals treated with CAP demonstrated a very small left predominance, it was great enough to reach statistical significance. In contrast, the PRO and L-NAME-treated groups showed a heterogeneous bilateral distribution (Fig. 7) . In SHR, as previously observed with Sol GluAP and Sol AlaAP, the greater the level of asymmetry (treatments versus control), the greater the degree of homogeneity in individual predominance, that is 100% of rats with right predominance in CAP, PRO and L-NAME treated (Fig. 8) .
Influence on cystinyl-aminopeptidase activity (oxytocinase)
Soluble activity
In WKY rats, although the control group demonstrated a right predominance (P < 0.01), the treated groups did not differ between both sides of frontal cortex. The left side showed its highest levels of Sol CysAP in the CAP group, differing from the left side of control (P < 0.05) and L-NAME-treated (P < 0.001) groups. The left side of L-NAME treated was also lower than the left one of control WKY (P < 0.01) and PRO (P < 0.01). The right side of L-NAME treated was significantly lower than the right one of the other groups (Fig. 2) . In SHR, the animals treated with PRO (P < 0.05) and L-NAME (P < 0.01) exhibited an asymmetry with a right-side predominance for Sol CysAP. No bilateral differences were observed in the control and CAP-treated rats. The LFC of the CAP group had greater Sol CysAP activity than did the same side of the control SHR (P < 0.05), PRO (P < 0.01) and L-NAME treated (P < 0.05). The RFC of the L-NAME treated group had greater levels of activity than did the RFC of the CAP (P < 0.05) and PRO (P < 0.05) groups (Fig. 3) . In WKY rats, there was a tendency after CAP treatment to change the side of the predominance observed in controls from right to left. However, after PRO treatment, there was a decrease (À10.1% from control) but an increase (þ5.3% from control) of the right predominance after L-NAME treated (Fig. 4) . In SHR, similar to Sol CysAP of WKY and to Sol GluAP of SHR, there was a tendency after CAP treatment to change the side of dominance from right to left, although the results did not reach statistical significance. There was, however, an increase in the asymmetry after PRO (þ27.3% over control) and L-NAME (þ50.5% over control) treatments (Fig. 5) . Although the CAP treatment reversed the side of predominance of Sol CysAP to the left side, the other SHR subgroups maintained the right predominance of untreated WKY, increasing particularly in the L-NAME group (þ43%) (Fig. 6 ). Regarding individual percentages of dominance, although all control WKY rats had a homogeneous right dominance, the side of dominance was heterogeneous for CAP and PRO groups. In the L-NAME-treated group, although the 87.5% of animals had a right predominance, it was not sufficient to reach statistical significance (Fig. 7) . In SHR, there was a homogeneous right dominance in PRO and L-NAME-treated groups. However, the bilateral distribution was more heterogeneous in control and CAP groups (Fig. 8) .
Membrane-bound activity
In WKY rats, LFC was predominantly higher than the right one in all groups reaching significance in CAP (P < 0.01), PRO (P < 0.01) and L-NAME treated (P < 0.01) without difference in controls. The left side of PRO was lower than the left one of control (P < 0.001) and CAP (P < 0.05) groups. The left side of L-NAME treated was also lower (P < 0.01) than the left one of controls WKY. The right side was lower in CAP (P < 0.05), PRO (P < 0.001) and L-NAME treated (P < 0.001) in comparison with the right side of controls. The right side in LN was significantly lower than the right one of the other subgroups (Fig. 2) . In SHR, whereas rats treated with PRO did not display a bilateral difference, the other groups exhibited a significant right predominance of membrane-bound CysAP in the frontal cortex (Fig. 3) . The highest levels of membrane-bound CysAP of the left side were observed in the PRO group, differing from control (P < 0.001), CAP (P < 0.01) and L-NAME treated (P < 0.05) groups. Although the right side did not differ between control and PRO, it was higher than controls in CAP (P < 0.05) and L-NAME treated (P < 0.01). In WKY, a left predominance was observed in all groups. Compared with control, the percentage of dominance increased largely in CAP (þ22.4%), PRO (þ12.9%) and especially in L-NAME treated (þ41.6%) (Fig. 4) . In SHR, CAP (P < 0.001) (þ54%) and L-NAME-treated groups (P < 0.001) (þ68%) further increased the difference observed in the control SHR (P < 0.05), whereas the percentage of difference in the PRO group slightly decreased (S6%) in comparison with the percentage of right predominance in the control SHR group (Figs. 3 and 5 ). All hypertensive groups changed the left side predominance of membrane-bound CysAP observed in untreated WKY to the right side (Fig. 6) . Considering individually the percentage of left-right difference in WKY, while control rats showed a heterogeneous side of dominance, 100% of CAP and L-NAME-treated rats and 87.5% of PRO rats demonstrated a left dominance (Fig. 7) . In SHR, we found that the control and the PRO group had a more heterogenous left or right preponderance, whereas nearly 100% of the animals in the CAP and L-NAME-treated groups exhibited a right predominance (Fig. 8 ). Figure 9 represents the individual left or right predominance obtained in each rat, considering the totality of the soluble, the totality of the membrane-bound and the totality of soluble and membrane-bound (TSM) enzymatic activities analysed in each group studied (Control, CAP, PRO, L-NAME treated) and in all the groups (TOTAL Control þ CAP þ PRO þ L-NAME treated) of WKY and SHR rats. There was a left predominance in WKY when considered totality of the soluble and TSM in CAP (P < 0.05) and TOTAL (P < 0.01). There was a right predominance in SHR when totality of the membrane-bound was considered in controls (P < 0.05), in TSM in CAP (P < 0.01), in TSM in L-NAME (P < 0.05) and in totality of the soluble (P < 0.01), totality of the membrane-bound (P < 0.001) and TSM (P < 0.001) in TOTAL. There were also significant differences when we compared the left and right frontal cortex of WKY with the left and right frontal cortex of SHR groups and in TOTAL (Fig. 9) .
Correlational study
Whereas a large number of intrahemispheric correlations in the LFC were observed in the CAP-treated WKY rats, most of the correlations of the RFC were in the L-NAME-treated group and essentially with a negative character. The most part of interhemispheric correlations were observed in the CAP and PRO groups of WKY rats (Table 1 ). In SHR, the intrahemispheric analysis of the correlations among the different enzymatic activities demonstrated a marked Pearson's correlation coefficients (r) and P-values are indicated and specify the significance of the differences between these correlations. Negative correlations are in italics. CAP, captopril; MB, membrane-bound.
prevalence of significant interactions in the RFC compared with the LFC in all groups analysed. A clear reduction of interhemispheric interactions was observed in the SHR groups in comparison with the WKY ones, even disappearing in controls SHR and L-NAME treated (Table 2) .
DISCUSSION
The present results demonstrated a differential neuropeptidase bilateral behaviour depending on the type of enzymatic activity, the type of drug treatment and the normotensive (WKY) or hypertensive (SHR) strain analysed. A clear tendency to change the side of predominance from left to right or to increase the right predominance is observed in SHR when this strain was compared with WKY ( Figs. 4 and 5 ). This is also obvious when the SHR groups were compared with normotensive untreated WKY rats (Fig. 6 ). Looking to the individual response of each animals of the different groups, a strong influence of hypertension on the bilateral behaviour of the frontal cortex is clearly apparent (Figs. 7 and 8 ). In addition, if we consider the individual left predominance observed in each rat with the totality of the enzymatic activities analysed and compare them with the right ones, a differential behaviour between normotensive and hypertensive rats is also revealed, with an increase of the right dominance in SHR (Fig. 9 ). All these results suggesting a tendency to right predominance in hypertensive individuals are supported by the correlational study between the enzymatic activities. A high number of left intrahemispheric correlations was observed in normotensive animals treated with CAP. In contrast, in the normotensive rats that developed hypertension after treatment with L-NAME, a high number of intrahemispheric correlations were observed on the right side. Regarding interhemispheric correlations, most of them were observed in the CAP group, followed by the PRO in normotensive rats. However, a marked decrease in the interhemispheric correlations was observed in the groups Pearson's correlation coefficients (r) and P-values are indicated and specify the significance of the differences between these correlations. Negative correlations are in italics. CAP, captopril; LN, LNAME-treated; MB, membrane-bound; SHR, spontaneously hypertensive rats.
Antihypertensives and brain asymmetry
Journal of Hypertension www.jhypertension.comof hypertensive rats, even disappearing in the controluntreated group and in those treated with L-NAME (Tables  1 and 2 ). Considering the bilateral behaviour between the left and right sides of frontal cortex, all these results clearly suggest a beneficial influence of CAP and a deleterious one of L-NAME treated. In this regard, hypertension has been related to neuroinflammation and particularly the inflammation induced by L-NAME has been reported to be accompanied by microglial activation manifested by microgliosis and proinflammatory cytokine upregulation [21] . Although a direct relationship between neuroinflammation and brain asymmetry has not yet been reported, a strong argument could be provided, as neuroinflammation has been clearly related to human and animal models of Parkinson's disease in which motor and nonmotor functional and neurochemical brain asymmetries are well documented [10, 11] and microglial activation with cytokine production has been demonstrated [22, 23] . On the contrary, the precise functional meaning of intra and interhemispheric communication between both brain hemispheres is not yet well known [24] . However, several evidences suggested that alterations in intra and interhemispheric interactions may be a characteristic of some mood disorders in humans [25] and animal models [26] as discussed below in more details.
Neuropeptidases, particularly aminopeptidases, regulate neuropeptide function [10] . Although Sol and membranebound aminopeptidase activities are able to hydrolyze identical peptidergic substrates, the processes that regulate both forms of the enzyme may be different and therefore exert different functions. It has been suggested that surrounding biochemical conditions induced by drug treatments, pathologic or physiologic circumstances may regulate aminopeptidase activities [27] . Therefore, although the regulation of the enzymatic activity involves essentially the control of the enzyme synthesis at the nuclear level, other mechanisms must also be implicated. It is well known that enzymatic activities are modified by biophysical and biochemical surrounding conditions. This heterogeneity may have a different influence on the interstitial and intracellular Sol or membrane-bound forms of the enzyme [18] . Especially, it was hypothesized that membrane-bound aminopeptidase activities act in a more tissue-specific manner than the Sol ones, which may be more subject to environmental changes and therefore be less specific on its possible endogenous substrates [18] . Nonetheless, study of these enzymes is a valuable tool revealing the functional status of their endogenous substrates [15] . Understanding the functional roles of these enzymes, it is possible to pharmacologically treat certain brain disorders. In fact, inhibitors of these enzymes have already been proposed, such as analgesics and antidepressors [28] or antihypertensives [29, 30] . Oxytocin and enkephalins acting in the frontal cortex have been reported to be anxiolytic factors [12, 13] . In contrast, because brain Ang II has been suggested to be anxiogenic [14] , its blockade has been proposed for the treatment of certain brain disorders [31] . The corresponding neuropeptidases oxytocinase (CysAP), enkephalinase (AlaAP) and angiotensinase (GluAP) may play a major role in regulating the functional status of these neuropeptides [15] . These enzymes and their endogenous substrates participate in cognitive functions, are related to anxiety and depression and exert a major influence in the central and peripheral control of blood pressure [11, 32, 33] .
Hypertension may cause mood alterations, and conversely, mood disorders may underlie the pathogeny of some cardiovascular diseases, thereby suggesting a bidirectional association [1] . The use of antihypertensive drugs may be related to a higher or lower incidence of mood disorders [1] . Furthermore, the brain renin-angiotensin system (RAS) is involved in the control of blood pressure [29, 30] and plays a role in brain functions [31, 33, 34] . It is generally accepted that the use of RAS blocking drugs, such as angiotensin-converting enzyme inhibitors (ACEi) or angiotensin receptor blockers (ARBs), induces fewer mood disorders, whereas there is a higher risk of mood disorders associated with beta blockers and calcium channel blockers [1] . However, animal [6] and human studies [5] are unconvincing. If such association existed, asymmetries described in the autonomic nervous system could be partly responsible for asymmetries at the central and peripheral levels [10] . In addition, coexistence and/or interaction between various types of neurotransmitters such as monoamines and neuropeptides are well known [11] . Therefore, sympathetic blockade with a beta-blocker such as propranolol, affecting the release of classical neurotransmitters such as norepinephrine, could influence the neuropeptides with which it interacts or coexists and, consequently, the enzymes that control them in an asymmetrical manner. Similarly, the effect of L-NAME on cognitive functions is conflicting. Fouyas et al. [35] , without differentiating left and right hemispheres, have found no differences in local cerebral blood flow in Wistar-Kyoto (WKY) or SHR acutely treated with L-NAME. However, although a beneficial influence of L-NAME on cognition has been observed [36] in normotensive rats, it has also been reported that L-NAME exacerbates cognitive decline in the TgSwDI mouse model of Alzheimer's disease [37] . We speculate that despite the beneficial effects in normotensive rats, increased levels of blood pressure in hypertensive animals due to L-NAME treatment might have deleterious effects on cognition and exacerbate the mood disorders observed in some hypertensive patients.
Neuropeptides and neuropeptidases are asymmetrically distributed in the brain [10, 11] , and previous results have demonstrated changes in the bilateral distribution of neuropeptidase activity in the frontal cortex after treating SHR with the ACEi captopril [9] . If antihypertensive treatment may influence the mood of hypertensive individuals and if captopril modifies brain asymmetry, other vasoactive drugs may also alter such asymmetry in a potentially different way and influence the mood of hypertensive subjects. In theory, depression is characterized by a functional deficiency of the left and right hemispheres, particularly of the frontal cortex [2] . The physiological overactivation of the right frontal cortex is combined with a decrease in the physiological activity of the left frontal lobe [2, 7] . Currently, as the treatment of depression, including mood trouble due to hypertension, is only palliative, new approaches should be explored. If depression is, in part, caused by changes in the bilateral functioning of both hemispheres (right overactivation/left hypofunction), treatments that restore the basal left/right activity may prove beneficial. Therefore, studies that bilaterally analyse brain activity from functional and neurochemical perspectives will be crucial.
The present results reveal a complex picture showing different bilateral behaviours depending on the enzymatic activity and the treatment used, with no obvious pattern. However, we observed some clear and interesting results. Although correlation does not indicate causality, it may be indicative of a functional association. Therefore, considering the groups studied, the marked contrast between the large number of correlations observed in the right frontal cortex and their near absence in the left cortex strongly indicates an asymmetry involving neuropeptidase activity and, consequently, an irregularity in the functions of the enzymes' respective endogenous substrates (Table 1) . Interestingly, the number of correlations in the right hemisphere is directly proportional to the level of SBP ( Fig. 1 and Table 1 ), that is the lower the level and number in the CAP group, the higher the level and number in the L-NAMEtreated group. This circumstance may be indicative of a lateralized differential response to the CAP and l-NAME treatment. In contrast, whereas the control and the L-NAMEtreated group in WKY and SHR show low or no interhemispheric correlations, respectively, the groups treated with antihypertensive drugs (CAP and PRO) demonstrated significant interhemispheric correlations. These results in WKY and in a lesser extent in SHR again suggest a differential response in these groups that may be applied to restoring the interhemispheric communication absent in hypertensive groups (Tables 1 and 2) .
Our results also suggest a tendency for Sol activity to induce left-side predominance exclusively after CAP treatment (Figs. 4 and 5 ). According to Rotenberg [2] , the deep inhibition of left hemispheric activity may be a major factor in the pathogenesis of depression. Therefore, the tendency of Sol activity towards left predominance in the CAP group supports the theory that treatment with an ACEi may be beneficial, as an increase in left hemispheric activity would theoretically mitigate the symptoms of depression [2] .
The present results further demonstrate a clear divergence from the bilateral patterns of the membrane-bound activity. Specifically, whereas angiotensinase activity (GluAP) exhibited a tendency towards left predominance (significant in the control SHR and the CAP group), enkephalinase (AlaAP) and oxytocinase (CysAP) activity demonstrated a right predominance in all groups. These results may suggest an opposing asymmetrical distribution of anxiogenic (Ang II) and anxiolytic (enkephalins, oxytocin) neurotransmitters in the SHR.
As SHR is a well recognized animal model for the study of hypertension, it is also a validated model to evaluate attention-deficit hyperactive disorder [38] . Furthermore, because SHR exhibit low anxiety levels in contrast to the high anxiety levels observed in the WKY controls [39] , both strains are useful for the study of mood disorders. An interhemispheric pattern of the distribution of dopamine and enkephalinase activity (AlaAP) was recently related to mood disorders and blood pressure [11] . In addition, the dopaminergic depletion of the left hemisphere, but not the right hemisphere, with the neurotoxic 6-hydroxydopamine dramatically increases the SBP in both WKY rats and SHR [40] . These results demonstrate the lateralized brain control of blood pressure in which enkephalins, enkephalinases and dopamine may be involved.
In conclusion, changes in the bilateral pattern of neuropeptidase activities may be part of the pathogeny of some brain disorders. Although the present results demonstrated changes in the bilateral behaviour of neuropeptidases depending on the type of enzyme studied and the drug treatment, the general tendency was that membrane-bound GluAP (angiotensinase) activity revealed a left predominance, whereas oxytocinase and enkephalinase exhibited a right predominance. In addition, there was a clear prevalence of significant intrahemispheric correlations in the RFC compared with the LFC in all groups studied, and interhemispheric significant correlations were observed mainly or exclusively in WKY and SHR groups treated with the antihypertensive drugs CAP and PRO.
In addition, the present data suggest a bilateral differential behaviour between the CAP and the other groups. First, there is direct relationship between the SBP level and the number of significant correlations (which can serve as a support for the previous conclusions): In WKY, although the CAP group had the lowest SBP levels and the highest number of intrahemispheric correlations in the LFC, the L-NAME-treated group had the highest SBP levels and the highest number of intrahemispheric correlations in the RFC. In contrast, in SHR, whereas the CAP group has the lowest SBP levels and the smallest number of intrahemispheric correlations in RFC, the opposite is observed in the L-NAMEtreated group. Second, a tendency to left dominance in Sol activity was observed in the CAP group.
The reported results clearly suggest a specific brain bilateral pattern of neuropeptidase activity in hypertensive groups in comparison with the normotensive ones that may be related to the cognitive disorders observed in this animal model.
There are some limitations of the current study and basal behavioural experiments are required to relate imbalance in intrahemispheric neuropeptidase activities with hypertensive-associated mood disorders. Behavioural tests concomitant with bilateral determinations of the susceptible endogenous substrates of the aminopeptidase activities should be performed in left and right frontal cortex of untreated WKY and SHR and treated strain with CAP, PRO and L-NAME treated to support such hypothesis of specific brain bilateral pattern.
